With increased chemical diversity and structural complexity comes the opportunities for innovative materials possessing advantageous properties. Herein, we combine predictive firstprinciples calculations with experimental synthesis, to explore the origin of formation of the atomically laminated i-MAX phases. By probing (Mo 2/3 1/3 2 )2AC (where M 2 = Sc, Y, and A = Al, Ga, In, Si, Ge, In), we predict seven stable i-MAX phases, five of which should have a retained stability at high temperatures. (Mo2/3Sc1/3)2GaC and (Mo2/3Y1/3)2GaC were experimentally verified, displaying the characteristic in-plane chemical order of Mo and Sc/Y
TOC figure.
The opportunities for discovery of pioneering compounds with modern day computational tools are vast, with numerous examples of exotic materials properties proposed using theoretical calculations, such as storage capacity in metal-organic frameworks and magnetic MXenes. 1, 2 However, prediction of promising properties of metastable or even unstable materials is largely irrelevant if the hypothetical compound can not be experimentally realized. A useful approach to avoid such scenario is to employ first-principles calculations, to investigate the materials stability to serve as experimental guidance, but also for an improved understanding of why certain elemental combination are favored and others not. Stability predictions have been proven successful for a vast number of material families such as half-Heusler alloys, 3 oxynitrides, 4 and so called MAX phases. 5, 6 The MAX phases, of the general formula Mn+1AXn (n = 1-3), are a family of atomically layered ceramics that consist of Mn+1Xn sheets based on an early transition metal M and C and/or N as X (e.g., Ti2C and Nb2C) sandwiched in between one atom thick A-layers (A-group elements Si, Al, Ga, etc.). 7, 8 To date ~70 ternary MAX phases have been synthesized with Zr2AlC and Mn2GaC being among the latest ternary additions. 5, [9] [10] [11] The large interest in MAX phases stems from their combination of metallic and ceramic attributes, 8, 12 and properties such as reversible deformation, 13 oxidation resistance and self-healing characteristics, 14, 15 and magnetism. 5, 10, [16] [17] [18] The main importance, however, is likely as parent material for its two-dimensional (2D) derivative, MXene, realized from selective etching of the A-element. 19, 20 Even though MXenes are a comparatively young family of 2D materials, it has shown high promise for, e.g., use as electrodes in batteries and supercapacitors, 21 and electromagnetic interference shielding. 22 With the addition of a fourth element to the traditional ternary MAX phases comes the possibility to tune or alter properties, 23, 24 and even add additional properties. 25, 26 Alloying can be made on either the M, A, or X sublattice, allowing a rich variation of compositions, [27] [28] [29] [30] [31] [32] [33] also including elements beyond those traditionally used in MAX phases. 30, 34, 35 To date, alloying through solid solutions is the primary route investigated. However, attaining an exact a priori decided composition for such material may be challenging. This is opposed to systems where the underlying crystal lattice or symmetry governs the stoichiometry. The first example of a chemically ordered MAX phase was the o-MAX phases Cr2TiAlC2, followed by Mo2TiAlC2, and Mo2ScAlC2, defined by out-of-plane ordering through alternating M-layers based on one M-element only. [36] [37] [38] More recently, a family of chemically ordered MAX-phase related materials was discovered, with in-plane chemical ordering, hence coined i-MAX. The first examples of such phases were (Mo2/3Sc1/3)2AlC, (Mo2/3Y1/3)2AlC, (V2/3Zr1/3)2AlC, (Cr2/3Sc1/3)2AlC and (Cr2/3Y1/3)2AlC, [39] [40] [41] described by space group C/2c (#15) and Cmcm (#63), and with characteristics such as the minority M-element (Sc, Y, and Zr) extending out from the M-layer towards the A-layer, in turn displaying Kagomé-like ordering. As important, the discovery of i-MAX phases have realized a type of MXenes with ordered vacancies through selective etching of the A-layer as well as the minority M-element. 39 These MXenes have already shown great promise for energy storage applications.
The recent discovery of i-MAX phases motivates exploration of their origin, to increase the fundamental understanding of the principles underlying their formation, and to allow prediction and synthesis of further unexplored phases. In the present work, we use (Mo2/3Sc1/3)2AC and (Mo2/3Y1/3)2AC as model systems to explore the possibilities of extending the i-MAX phases beyond A = Al. Employing predictive first-principles stability calculations and probing A from Group 13 (Al, Ga, In) and 14 (Si, Ge, Sn), we evaluate materials stability and the potential for chemically ordered/disordered structures at typical bulk synthesis temperatures. We identify five i-MAX phases that are both thermodynamically stable and ordered at and below 1773 K;
(Mo2/3Sc1/3)2AlC, 39, 40 40 (Mo2/3Y1/3)2GaC, and (Mo2/3Y1/3)2InC. Bulk synthesis of (Mo2/3Sc1/3)2GaC and (Mo2/3Y1/3)2GaC was attempted, and their realization verified through X-ray diffraction (XRD) and scanning transmission electron microscopy (STEM). Our results demonstrate that expansion of various combinations of M and A within this family of i-MAX phases is possible, and a set of guidelines allowing explanation and prediction of their formation is suggested.
RESULTS AND DISCUSSION
Theoretical stability predictions. To evaluate the materials phase stability, we compare the energy of the i-MAX phase to an identified set of most competing phases (equilibrium simplex) in terms of the formation enthalpy ∆ , see Methods. This approach has previously been used for numerous predictions of MAX phases and related materials. 6, 33, 40 For ∆ < 0 the compound is considered stable, while for ∆ > 0 it is considered to be not stable or at best metastable. Figure 1a shows the calculated stability of 12 different i-MAX compositions; (Mo2/3Sc1/3)2AC and (Mo2/3Y1/3)2AC with A = Al, Ga, In, Si, Ge, and In. Identified equilibrium simplex for each i-MAX phase is found in Table S1 . Out of these, seven are found to be thermodynamically stable with a negative formation enthalpy ΔHcp, including the recently reported Al-based i-MAX phases (Mo2/3Sc1/3)2AlC and (Mo2/3Y1/3)2AlC. 39, 40 These are also dynamically stable as seen by the calculated phonon dispersion in Figure S1 and S2.
It was previously shown that i-MAX can have several different, closely related, crystal structures being effectively degenerated in energy. 39 We therefore consider both orthorhombic
Cmcm and monoclinic C2/c symmetry in our comparison and in all cases find these to be within 2 meV/atom, i.e., effectively degenerate.
The use of 0 K calculations for prediction of hypothetical MAX phase compounds is motivated by the shown mutual cancellation of the temperature dependent energy terms, vibrational and electronic, to the Gibbs free energy which is then primarily governed by the 0 K energy terms. 42 For alloys, however, with disorder of M 1 and M 2 on the M-lattice in M2AX, the configurational entropy will make a significant difference and decrease the free energy with increasing temperature. Keeping the composition fixed and comparing the energy between inplane chemical order (i-MAX) and a disordered distribution on the M lattice (assuming the ordinary MAX phase structure), we can thus estimate above which temperature the disordered structure is energetically favorable due to configurational entropy, see details in Methods. This disorder temperature Tdisorder is then compared with typical bulk synthesis temperatures of ~1500 °C (1773 K), as shown in Figure 1b . Nine i-MAX phases have Tdisorder > 1773 K. Out of the seven phases that fulfil ΔHcp < 0 ( Figure 1a ) we identify five i-MAX phases that also have with orthorhombic Cmcm symmetry. In passing, we note that the PBE parameterized approximation used, in general, and in particular for i-MAX phases, tend to underestimate the bond strength, resulting in XRD peaks shifted to lower 2θ angles. 40 The characteristic in-plane (110) peak of an i-MAX phase is clearly seen for both compounds, a peak which is not present for traditional M2AX phases. Peaks originating from the i-MAX phase are marked with blue stars in the diffractograms. Unmarked peaks correspond to minority phases Mo2C, C (graphite), Sc2O3, Sc2OC and ScGa3 in Figure 2a , and Mo2C, C (graphite), Y2O3 in Figure 2c . (Mo2/3Y1/3)2AlC, 40 Correlating between the choice of A-element and the i-MAX stability, a relevant parameter is the energy difference ΔE between the MAX and i-MAX structure in Figure 5c , showing a steady decrease with increase in size of A. Moreover, the size of A also has an impact on the disorder temperature Tdisorder, as seen in Figure 1b , showing a decrease in Tdisorder with increase in size of A, further evaluated in bonding analysis presented below. This is most evident for group 13. It can be noted that the size difference between Sc (Y) and Mo is also reflected in larger Tdisorder for Y-based compounds as compared to Sc-based ones. This is in line with previous findings for i-MAX phases, 40 and correlates with the larger size difference between
Mo and Y (0.41 Å) as compared to Sc (0.23 Å). Thus, a larger difference between Mo and M 2 results in increased cost in energy to form disorder which, in turn, will favor order.
In the next step towards understanding the formation of these compounds we turn to the electronic properties and bonding characteristics. Total density of states (DOS) and projected crystal overlap Hamilton population (pCOHP) have been analyzed and are depicted in Figure   6 , Figure S3 Mo-A interactions are overall stronger than M 2 -A, most noticeably for M 2 = Sc. This can be correlated to structural differences for various M 2 and A elements as presented in Figure 7 ,
where we find that Mo-A bonds are shorter compare to M 2 -A. This is in contrast to smaller M 2 -
A interlayer distance as compared to Mo-A, consistent with the projected distances shown in From Figure 6 and Figure S5 , we also notice that Mo-A interaction tend to be strongest for A from Period 4. This may be explained by Ga and Ge having the largest electronegativity, among Figure S3 and S4). The overall bonding is also correlated to the structural parameters, see Figure 7 , which show overall larger lattices (volume)
for the larger Y, compared to Sc, further increasing with increasing radius of the A-element.
Another feature is the interlayer distances between M 1 -M 2 (Figure 7f antibonding character as compared to Ga-and In-based dittos. This is also the true for Al and
Si, but to a lesser extent. Thus, A-elements from Group 14 will contribute with additional electrons, as compared to Group 13, which have a negative influence on the i-MAX stability.
The number of electrons contributing to bonding, non-bonding and antibonding interactions is a delicate balance, where too many electrons will lead to population of antibonding states with a negative impact on the phase formation, while too few electrons will not populate enough bonding states needed for a positive impact on the phase formation. We can speculate that As we here probe i-MAX compounds with various A and M 2 we do see simulated differences
within the A-lattice as function of A and M 2 , quantified as deviation from an ideal Kagomé lattice in terms of both A-A distance (Figure 8e ) and bond angles within the layer (Figure 8f ).
Definition of bond angles are given in Figure 8b ,d. The i-MAX compounds with an A-layer structure closest to an ideal Kagomé lattice have both large M 2 , here Y, and small A, here either Al or Si. This is reflected in largest Tdisorder with A from Period 3 (Al, Si), which in turn reflects the stability of the ordered i-MAX structure. Ga also displays a structure closely related to an ideal Kagomé lattice when M 2 = Y. Altogether, for M 2 = Sc and with increasing size of A, the deviation away from an ideal Kagomé lattice is more pronounced as compared to M 2 = Y, even though they display similar trends. Also, the energy differences ΔE in Figure 5c does reflect the trends observed in Figure 7a ,f. ΔE decreases with the size of A as does the deviation away from an ideal Kagomé lattice. We note here that the trend for bond-angle deviation resembles the calculated Tdisorder in Figure 1b and ΔE in Figure 5c . This indicates that as the size of the A element increases, the driving force for chemical order decreases, at least in part due to limited space or limited energy gain for redistribution in the A-layer.
Altogether, the performed analysis can be summarized into the following key components traditional MAX phase A-elements Al, Si, P, S, Ga, Ge, As, Cd, In, Sn, Tl, Pb is a bit more complex, since we should ideally be aware of population, or not, of anti-bonding orbitals. We have shown herein that Group 13 A-elements are found to be favored over Group 14 due to fewer electrons populating anti-bonding orbitals. Based on this result we can assume that Aelements from Group 15 (P and As) and 16 (S) will thus not favor formation of i-MAX phases.
This criterion will, however, favor Group 12 (Cd). The fourth criteria of having a small A, similar to or smaller than Al and Ga, is fulfilled by Al, Ga, Si, Ge, P, As, and S. Therefore, only
Al and Ga fulfill both criteria (iii) and (iv), which combined with (i) and (ii) results in 44 possible and plausible i-MAX phases. Out of these, 9 have been synthesized so far. 39, 40, 43, 46 The implication of the analysis suggest that the family of i-MAX phases can be expanded, and that future unexplored compositions and properties can be expected. Moreover, the previous demonstration of controlled introduction of ordered divacancies in Mo1.33C MXene resulted in one of the highest volumetric capacitance values reported for a 2D material at that time. 39 
METHOD
Computational details. We use the non-spin polarized generalized gradient approximation (GGA), parameterized by Perdew-Burke-Ernzerhof (PBE), 48 as implemented in the Vienna ab-initio simulation package (VASP) [49] [50] [51] using the projector augmented wave method, 52, 53 with an energy cutoff of 400 eV. The Brillouin zone is sampled using the Monkhorst-Pack scheme. 54 All structures were relaxed until the forces on each ion converged to below 10 −4 eV Å -1 . Using DFT, we investigated the thermodynamic stability of ( 2/3 1 1/3 2 )2AC phases at 0 K with respect to decomposition into any combination of competing phases as well as dynamic (phonon) stability. Here, we use a linear optimization procedure based on the simplex method, to identify the set of most competing phases, the equilibrium simplex, under the constraint of a fixed i-MAX stoichiometry. 55, 56 We do not consider temperature-dependent effects, e.g., lattice vibrations, as such contribution from a phase, significant or not, tend to be cancelled out in the free energy term. 42 This approach has been proven to work exceptionally well for MAX, o-MAX, and i-MAX phases, 5, 6, 37, 38, 40, 56 . The compound's stability is quantified in terms of formation enthalpy ∆ by comparing its energy to the energy of the equilibrium simplex,
For ∆ < 0 the compound is considered stable, while for ∆ > 0 it is considered to be not stable or at best metastable. Our selection of competing phases includes all known elemental, binary, ternary, and quaternary phases from the elements that form the stoichiometry under investigation. We also include hypothetical phases, based on compounds that exist in similar systems and/or with neighboring elements in the Periodic table, as competing phases. A complete list of competing phases considered herein are found in Table S2 .
Chemically-disordered candidate structures, e.g., solid-solution alloys of M 1 and M 2 on the M sublattice, were modelled using the special quasi-random structures (SQS) method. 57 Energy convergence with respect to the size of the super cell was performed, showing that a cell size of 6×3×1 M2AX unit cells or larger display an energy within 2 meV per atom, while lattice parameters a and c are within 0.3 %. Further information related to super cell convergence in terms of calculated energies and lattice parameters are given in Fig. S1 in Ref. 40 .
When T ≠ 0 K, the Gibbs free energy ∆ for a disordered phase is approximated using
where the entropic contribution ∆ , assuming an ideal solution of M 1 and M 2 on the M-sites, is given by
where z is the M 2 concentration.
By using Eq. 2 and 3, a disorder temperature Tdisorder can be calculated according to
for which ∆ [ ] = ∆ is fulfilled and hence give an estimate above which temperature chemical disorder is expected.
Schematics were produced with VESTA. 58 Multiple samples in the temperature range of 1300 °C -1500 °C were attempted where the most optimal temperature for each material system is given above. The deposition time was chosen to be 10 h based on previous experimental synthesis of (Mo2/3Y1/3)2AlC, 40 
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